The colours of birds are diverse but limited relative to the colours they can perceive. This mismatch may be partially caused by the properties of their colour-production mechanisms. Aside from pigments, several classes of highly ordered nanostructures (thin films, amorphous threedimensional arrays) can produce a range of colours. However, the variability of any single nanostructural class has rarely been explored. Dabbling ducks are a speciose clade with substantial interspecific variation in the iridescent coloration of their wing patches (specula). Here, we use electron microscopy, spectrophotometry, polarization and refractive index-matching experiments, and optical modelling to examine these colours. We show that, in all species examined, speculum colour is produced by a photonic heterostructure consisting of both a single thin-film of keratin and a two-dimensional hexagonal lattice of melanosomes in feather barbules. Although the range of possible variations of this heterostructure is theoretically broad, only relatively close-packed, energetically stable variants producing more saturated colours were observed, suggesting that ducks are either physically constrained to these configurations or are under selection for the colours that they produce. These data thus reveal a previously undescribed biophotonic structure and suggest that both physical variability and constraints within single nanostructural classes may help explain the broader patterns of colour across Aves.
INTRODUCTION
The display of colours for inter-and intraspecific communication has been a fundamental function of the metazoan integument since the evolution of vision in the Cambrian explosion [1] . Colours can allow an organism either to hide from potential predators or prey or to become more conspicuous for aposematic or sexual display [2 -4] . The plumages of birds range from highly cryptic to highly conspicuous and indeed at the latter extreme have some of the most vivid colours found in nature. A recent study [5] showed that, while diverse, these colours are limited relative to what birds can perceive. This pattern of unoccupied regions in colour space may be explicable at least in part by the physical constraints stemming from the mechanisms by which those colours are produced. Further, to understand how complex structures like colourful plumage patches evolve, it is important to investigate not only the observed phenotypic variation but also the ability to produce new variants (i.e. variability, sensu [6] ).
While selective light absorption by pigments like carotenoids and psittacofulvins can produce highly saturated colours [7] , these appear to be limited to yellows and reds and are incapable of producing shorter wavelength hues (e.g. blues and violets). By contrast, structural colours resulting from coherent scattering of light by highly ordered nanostructures are capable of producing colours across most of the bird-visible spectrum [5] . For example, previously described nanostructures produce ultraviolet [8] , blue [9] , green [10] , yellow [11] and red coloration [12] . This diversity in colour is facilitated both by the diversity of morphological classes producing structural colour (i.e. laminar, crystal-like or quasi-ordered structures; see [13] ) and also the variability within each class. To illustrate this point, consider that, for all structurally coloured materials, achieving peak reflectance in visible wavelengths depends on three general features: nanoscale organization, size of scattering structures and refractive index (RI) contrast of its structural components. Moreover, these materials can be organized into one (e.g. multilayer reflectors [11] ), two (e.g. twodimensional photonic crystals (PCs) [9] ) or three dimensions (e.g. amorphous matrices [14] ), and in birds they are produced by a rather limited set of basic materials: keratin, melanin and air [13] . Optical theory shows that slight alterations in organization, size or RI contrast in these nanostructures can lead to dramatic changes in colour [15] . However, the theoretical and empirical variability of any single class of nanostructure have not been thoroughly explored.
In many duck species, the secondary flight feathers bear an iridescent wing patch known as the speculum [16] that exhibits a broad range of interspecific colour variation [17] . Previous studies have suggested that this colour arises through multilayer interference from organized rows of thin melanosomes and layers of keratin [18] [19] [20] . However, electron micrographs of barbule cross sections show a two-dimensional hexagonal arrangement of melanosomes beneath a thin keratin cortex [18] , suggesting that colour may in fact result from a two-dimensional PC. Such crystals can produce a broad variety of colours, and are thus an ideal study system for examining the variability of a structural colour class. We did so using a combination of electron microscopy, reflectance spectroscopy and optical modelling. First, we identified the colour-producing nanostructure in six duck species. Second, using optical modelling, we compared the observed variation in this nanostructure and the colour it produces to what is theoretically possible given all potential combinations of relevant morphological parameters (radius, spacing) that are able to produce bird-visible coloration.
MATERIAL AND METHODS

Study system
To investigate the morphological bases of interspecific variation in speculum colour, we chose six species from the monophyletic dabbling duck clade (tribe Anatini) [21] . We removed a single iridescent secondary feather from the left wing of males from four of the six species using dissecting scissors for subsequent electron microscopy (see below) and used published data for Speculanas specularis and Amazonetta brasiliensis [18] to obtain close to the whole range of colours observed in ducks (table 1; electronic supplementary material, figure S1 ). We stored feathers in small envelopes in a climate-controlled room until further analysis.
Barbule nanostructure
To test the hypothesis that speculum colour results from a heterostructure consisting of a keratin thin-film and two-dimensional hexagonal lattice of melanosomes in feather barbules, we examined barbule nanostructure by preparing cross sections following Shawkey et al. [22] . Briefly, we washed feather barbs in 0.25 M NaOH and 0.1 per cent Tween-20, dehydrated them with 100 per cent ethanol and infiltrated them with 15, 50, 70 and 100 per cent epoxy resin. We then cured the resin blocks in an oven at 608C, trimmed them with a Leica S6 EM-Trim 2 (Leica Microsystems GmbH, Wetzlar, Germany) and cut 100 nm cross sections with a Leica UC-6 ultramicrotome (Leica Microsystems GmbH, Wetzlar, Germany). Next, we viewed the cross sections on a JEOL JEM-1230 transmission electron microscope (TEM) operating at 120 kV. From the obtained TEM images, we used IMAGEJ [23] to measure the following nanostructural parameters from two to three barbules per species: keratin cortex thickness (d ), taken at 10 evenly spaced locations along the surface of each barbule; number of ordered melanosome layers (i.e. periods, defined as a layer in which three to four consecutive melanosomes were in the same plane); melanosome radius (r); and melanosome spacing (distance between their centres; i.e. lattice constant a; figure 1a). For the latter two variables, we used the particle analysis tool in IMAGEJ to determine the x and y coordinates and areas of 30-80 melanosomes per barbule (sample sizes were unequal because of variation in the number of visible melanosomes in a given cross section). Next, we determined the area (A) and nearest neighbour distance (NND) between melanosomes and calculated the lattice constant as the mean NND and the radius as r ¼ ffiffiffiffiffiffiffiffiffi ffi A=p p . For S. specularis and A. brasiliensis, we used published values of r and d and derived a from the available TEM images [18] .
Reflectance measurements
Overview of spectral analysis
With the exception of colour measurements taken from intact wing patches (see §2.3.2-2.3.4), we took all reflectance measurements using a laboratory-made goniometer [24] that allowed us to independently vary the angles of incidence (u i ) and reflectance (u r ). For polarization measurements, we used a Glan-Thompson polarizer (Harrick Scientific Products, Pleasantville, NY, USA) placed between the light source and sample (electronic supplementary material, figure S2 ). We took unpolarized reflectance measurements at normal incidence for all six species (using intact plumages) and measured polarized reflectance and angle-resolved reflectance spectra for Anas carolinensis, Anas platyrhynchos, Anas acuta and Anas clypeata. 
Normal incidence
To compare empirical reflectance with that predicted by optical modelling (see §2.5), we measured specular reflectance of intact wing patches at normal incidence from 300 nm to 700 nm using a spectrophotometer and xenon light source (Avantes Inc., Broomfield, CO, USA). We took the average of three separate measurements per bird and smoothed reflectance values with a spline function to remove electrical noise from the spectrophotometer and thereby increase the accuracy of colour variable measurements [25] . Next, we calculated hue (l R max ), brightness (peak reflectance R max ) and saturation (full-width of main peak at half of maximum; FWHM). For FWHM, we calculated the width of the peak (in nanometres) at the midpoint of the difference between the minimum and maximum reflectance values, resulting in a variable that is inversely proportional to perceived saturation. These measures of hue and saturation correspond to the centre frequency and width of photonic band gaps (PBGs), respectively [26] , thereby allowing for direct comparison with optical model predictions.
Polarized reflectance
Owing to periodicity in RI parallel to the surface, reflectance of a two-dimensional PC measured at normal incidence is expected to vary depending on the polarization of incident light [15] . While similar polarization effects also occur in multilayered (one-dimensional) structures, they are typically observed only at high incident angles [27] . Therefore, to help distinguish between two alternative hypotheses for colour production, namely a one-dimensional multilayer or two-dimensional photonic heterostructure, we measured s-and p-polarized specular reflectance at near-normal incidence (u i ¼ 108) for three feather samples: a hypothesized twodimensional PC (green-winged teal, A. carolinensis); a positive control known to behave as a two-dimensional PC (peacock, Pavo cristatus) [9] ; and a negative control with a likely multilayered (one-dimensional) structure (ruby-throated hummingbird, Archilochus colubris) [12] . We predicted that both the peacock and duck samples would show differences in hue based on polarization, while the hummingbird sample would not.
Angle-resolved reflectance
To understand the angle-dependent reflectance behaviour of these samples, we measured specular reflectance for s-and p-polarized light at multiple incident angles (u i ¼ 108, 208, 308, 408, 508, 608 and 708) and azimuthal angles (F) perpendicular and parallel to the barbules. Because light-scattering requires a difference in RI, the homogeneity of one-dimensional layered systems in the x and y directions ( parallel to surface) implies that F should have no effect on angle-resolved reflectance for different polarizations of light, while it should have the same for a two-dimensional PC. Thus, we calculated the ratio of p-to spolarized peak reflectance (R p /R s ) and plotted this ratio versus u i for F ¼ 08 ( parallel to barbules) and 908 ( perpendicular to barbules). This ratio is suitable for small or anisotropic samples where the aperture of reflected light is expected to vary with orientation: since the aperture is the same for each polarization at a given orientation, the ratio remains unaffected [28] . Based on the band structure diagram (figure 1c), we predicted that the ratio R p /R s would be greater when the plane of incidence is parallel to the melanosomes and that the differences would diminish as u i approaches Brewster's angle, at which the reflectance would be dominated by thin-film effects (zero p-polarized reflectance from the top air -keratin interface at both orientations).
Refractive index-matching experiments
Light incident on a thin-film structure produces colour by interference between beams of light reflecting from the top and bottom interfaces of the film. Thus, to empirically examine the role of the keratin cortex in colour production, we removed its effects by placing wintergreen oil (Frontier Natural Products, Norway, IA, USA) on the surface of each feather. Because the RI of the oil is approximately equal to that of keratin (RI ¼ 1.54 and 1.56, respectively), Fresnel reflectivity from the top interface is effectively eliminated. Further, to eliminate unwanted reflection of light at the air-oil interface, we mounted a bifurcated fibre-optic probe at a fixed distance from the feather surface and immersed it in the oil. We measured specular reflectance at normal incidence and compared the mean hue, saturation and brightness before and after adding oil.
Optical modelling
Band structure calculation
The band structure of a PC gives the frequencies of light that are able to propagate through a periodic structure as a function of the light polarization and wavevector [15] . Frequencies that are unable to propagate through the structure comprise the PBG and are reflected from the PC. Thus, to investigate the physical mechanism of colour production, we used the standard plane-wave expansion method implemented in the software package MPB [29] to calculate the band structure of an idealized hexagonal lattice based on experimental values for the ratio between melanosome radius and spacing (r/a, an indicator of melanosome density) and published values for the refractive indices of keratin (RI ¼ 1.56) and melanin (RI ¼ 2.00) [30, 31] . From the resulting band structure diagrams, we calculated the size of the partial PBG (Dv) at normal incidence and standardized this value by dividing it by the band gap position (v), as band gap size is known to vary with position [15] .
To determine the theoretical range of values for lattice constant and radius that would produce a primary PBG in bird-visible wavelengths (300 -700 nm), we used MPB to simulate band structures for a range of values of r/a between 0 and 0.5 and calculated the resulting position (v) and size (Dv) of the partial PBG. We chose this range to cover all theoretically possible configurations up to a limiting value of r/a ¼ 0.5, at which the melanosomes would be directly in contact with each other (i.e. hexagonal close-packing). Next, because hue depends on the lattice constant, we calculated hue as l R max ¼ a=v [15] for a range of lattice constants (a ¼ 80-250 nm, in 10 nm increments) specified a priori to give hues spanning the desired range, 300-700 nm. We then plotted the band gap size versus a and r and overlaid the plot with the calculated hues falling within the bird-visible spectrum of light.
Predicted reflectance
Dyck [20] described the nanostructures in ducks as multilayers composed of melanin and keratin, with the thickness of layers equal to the diameter of melanosomes and space between melanosomes, respectively. However, in several of the close-packed structures, we observed that there is little to no space between melanosomes, making this model unrealistic, and thus we did not test this model here. We instead modelled the nanostructures as hexagonal two-dimensional PCs using the finite-difference time-domain method implemented in MEEP (MIT Electromagnetic Equation Propagation) [32] . We chose this method because it allowed us to calculate reflectance across a range of wavelengths (i.e. 300-700 nm) in a single simulation. We simulated reflectance spectra in MEEP based on measured nanomorphological values (a, r, d and melanosome layer number) for each barbule per species. In addition, to understand the role of the cortex in colour production, we compared predicted reflectance calculated when excluding and including the cortex with empirical results of RI-matching experiments (see below). In our simulations, we excluded the cortex by setting the RI surrounding the structure to that of keratin (RI ¼ 1.56), thereby eliminating reflection from the air-keratin interface. For all simulations, we used an extinction coefficient for melanin of 0.01 [9, 33] and published values for the refractive indices of keratin (RI ¼ 1.56) and melanin (RI ¼ 2) [30, 31] . We then compared theoretical with empirical reflectance curves to test the accuracy of our modelling.
Statistics
We performed all statistical analyses in R v. 14.0 [34] . All values are presented as mean + 95% confidence limits unless otherwise noted.
RESULTS
Barbule morphology
In all six species examined, TEM images of barbule cross sections revealed a two-dimensional hexagonal array of melanosomes underlying a thin keratin cortex (figure 1a). The size of melanosomes (radius) ranged from 60 nm to 85 nm and their spacing (lattice constant) varied from 140 nm to 200 nm (table 2). The cortex thickness ranged from 90 nm to 370 nm, and the number of melanosome layers varied from four to six across species (table 2).
Reflectance measurements
3.2.1. Normal incidence All reflectance curves showed primary reflection peaks between 462 nm and 642 nm, and most curves were multi-peaked, with one to two minor secondary peaks occurring at shorter wavelengths ( figure 2a,c -f ). Of the six species examined, only A. brasiliensis had a single peak at 514 nm (figure 2b), while A. acuta and S. specularis had additional tertiary peaks occurring at 300 nm and 325 nm, respectively (figure 2e,f ). The primary peaks were highly saturated (narrow), with FWHM values ranging from 69 nm to 102 nm (e.g. compare with FWHM approx. 170 nm for yellow peacock feathers in the study of Yoshioka & Kinoshita [33] ). Hue increased strongly with melanosome size (electronic supplementary material, figure S3a) and, to a lesser extent, lattice constant (electronic supplementary material, figure S3b) but did not appear to be related to either cortex thickness or number of melanosome layers. Peak reflectance (brightness) varied considerably between species, ranging from 10.67 (A. clypeata) to 61.83 per cent (S. specularis) (table 1), and increased slightly with the number of melanosome layers (periods) and decreased with melanosome density (r/a) (electronic supplementary material, figure S3c,d, respectively).
Polarized light
The wavelength of peak reflectance (l R max ) for p-polarized light at near-normal incidence was shifted to slightly longer wavelengths than s-polarized light, and the peak reflectance increased slightly (electronic supplementary material, figure S4 ). This observed bathochromic shift was also seen in a known two-dimensional PC structure ( peacock) but not in a negative control (hummingbird; electronic supplementary material, figure S4 ). Furthermore, peak reflectance did not change for the hummingbird (one-dimensional multilayer) but was higher for s-polarized light in the peacock.
Angle-resolved spectra
All analysed feathers showed significant changes in reflectance with increasing incident angle (figures 3b, 4a,b, dotted lines). Furthermore, these angle-dependent reflectance changes varied with polarization. For s-polarized light, reflectance increased with u i (figure 4a,b, solid lines). By contrast, p-polarized reflectance steadily decreased until reaching a minimum at u i 608 and then began to increase (figure 4a,b, dashed lines). We observed phase inversions in the reflectance spectra for all samples analysed (see figure 3d, inset) . Furthermore, feather barbule orientation affected angle-resolved reflectance for s and p polarizations, as light incident perpendicular to the barbules was in general more polarized (R s . R p ) than light with parallel incidence; however, as u i approached approximately 608, these differences diminished (figure 4c).
Refractive index-matching experiment
When oil was placed on the surface of feathers, the hue did not change substantially (hue before: 538 + 83 nm; after: 542 + 97 nm; electronic supplementary material, figure S5 ), suggesting that the structural coloration is produced in part by the underlying two-dimensional PC structure. Feather colour, however, became less saturated (FWHM before: 82 + 11 nm; after: 136 + 49 nm) and less bright after treatment (brightness before: 66.5 + 75.1; after: 18.5 + 28.2). Additionally, all curves 
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lacked the observed peak in the UV region (electronic supplementary material, figure S5 ). These results were confirmed by simulated reflectance data, which showed little change in hue (hue before: 542 + 95 nm; after: 539 + 127 nm) but decreases in both saturation (FWHM before: 60 + 19 nm; after: 80 + 30 nm) and brightness (before: 26.30 + 12; after: 17.4 + 13).
Optical modelling
Based on barbule nanostructural parameters, the calculated band structure for a two-dimensional hexagonal lattice indicated a partial PBG at v 0.3 for both s-and p-polarizations in the direction normal to the barbule surface (G -M; blue arrow in figure 1c) . The standardized range of frequencies reflected by the PC (gap-midgap ratio Dv/v) was 3.05 + 1.51%. There was an additional band gap in the M -X direction at v 0.6; however, this would not contribute to the observed colour as the peak would occur outside of the visible region of the spectrum for all lattice constants analysed here. The slight increases in both hue (3 nm) and reflectance for p-polarized light at nearnormal incidence (electronic supplementary material, figure S4 ) mirror the subtle shift to lower frequencies (from v ¼ 0.313 to 0.308) and subtle widening of the partial PBG (from R max ¼ 4.69% to 5.56%) taken from the calculated band structure (figure 1c). Moreover, this behaviour is expectedly different from the change in reflectance observed in peacock feathers, as the gap for p-polarized light narrows slightly ( fig. 3 in Zi et al. [9] ). The simulated reflectance spectra based on the full PC model (model including the cortex) closely matched the experimental curves (figure 2). Furthermore, in most cases, the heterostructure model performed better than the model excluding the effects of the keratin cortex and only considering the melanosome twodimensional lattice (figure 2). Indeed, while both PC models predicted the location of the primary peak, only the full PC model predicted the shallow peaks ('thin-film' peaks) occurring between 350 nm and 500 nm (figure 2c,e -f ). For both PC models, predicted and measured hues were highly similar, differing only between 7 nm and 36 nm (full PC model) or between 4 nm and 33 nm (reduced PC model).
Theoretical simulations of band gap size for various values of r and a showed a maximum at r/a ¼ 0.3 (figure 5, solid line) and local minima at 0.05 and 0.5 ( figure 5, dashed line) . Most species were located near the close-packing limit (r/a ¼ 0.5); however, hue spanned a range of wavelengths from blue Figure 2 . Agreement between measured and predicted reflectance based on two-dimensional hexagonal photonic crystal (PC) and two-dimensional heterostructure optical models. Panels show empirical and simulated reflectance curves (normalized to maximum of unity and based on representative nanomorphologies) for (a) A. platyrhynchos, (b) Amazonetta brasiliensis, (c) A. carolinensis, (d ) Anas clypeata, (e) Anas acuta and ( f ) Speculanas specularis. In each panel, the top curve is empirical reflectance, the middle curve is the full PC model predictions (two-dimensional PC þ cortex) and the bottom curve is the reduced PC model (excluding the cortex). To remove unwanted spectral noise, predicted spectra were smoothed with cubic splines using the SMOOTH.SPLINE function in R 14.0 [34] (A. platyrhynchos) to red (S. specularis), and no species had a partial PBG peak below 400 nm (figure 2).
DISCUSSION
Our results show that iridescent colours of duck specula are produced by two-dimensional hexagonal PCs of rodshaped melanosomes embedded below a thin layer of keratin at the surface of feather barbules (figure 1a). Our empirical and theoretical results show that this system is potentially highly variable, allowing for changes in coloration through slight variations in lattice constant, melanosome radius and cortex thickness. However, the structural variability of the biophotonic structure possessed by all six species examined here may be limited within ducks to a relatively small portion of theoretically available configurations (i.e. close-packed hexagonal arrays; see also the study of Kinoshita [35] ). Two-dimensional PCs have previously been described in peacocks [9] and magpies [36] . However, these differ from those found in ducks because they are square rather than hexagonal lattices [9] ; have air rather than keratin between melanosomes [9] ; and have hexagonally spaced air-spaces rather than filled melanosomes [36] . Hexagonal PCs are ideal for achieving complete PBGs because of their near-circular periodicity ( figure 1a, inset) ; thus these results may have implications for the design of novel photonic structures [37] . Furthermore, in the above cases, the keratin cortex apparently had little effect, possibly because it was too thick or discontinuous to cause marked interference at visible wavelengths. By contrast, in all duck species examined here, the cortex produced interference effects as indicated by secondary reflectance peaks at shorter wavelengths (figure 2 and electronic supplementary material, S5). Further, we show that the cortex increases brightness and saturation-possibly owing to resonance occurring as a result of size matching between the thickness of the one-dimensional film (cortex) and lattice constant (melanosome spacing) of the two-dimensional PC [38] -and results in polarized iridescence ( figures 3 and 4) . While the role of the keratin cortex in colour production has been studied in other iridescent bird species [11, 12] , to our knowledge, this is the first study to show the optical properties arising from both one-dimensional and twodimensional periodicity, rather than a one-dimensional multilayer. Thus, our results describe a novel, variable biophotonic heterostructure, as well as an additional parameter (cortex thickness) that can potentially be independently tuned to achieve different colours.
Previous studies of speculum colour in ducks ascribed it to a multilayer (one-dimensional PC) [18 -20] . Although the observed increase in s-polarized light and decrease in p-polarized light with incident angle (figures 3 and 4) is characteristic of both multilayered (one-dimensional) structures [27] and twodimensional PCs (see description in Bazhenova et al. [39] ), the differences in depolarization with u i for different azimuthal angles (figure 4) are not consistent with a one-dimensional system because there is no periodicity in RI parallel to the surface to differentially scatter light incident from different directions. Interestingly, multilayerlike behaviour, namely the inversion in reflectance curves past u c , was observed in these samples ( figure 3d, inset) . Based on nanostructural data and known fundamentals of optics-specifically, that p-polarized light incident on a thin-film undergoes a 1808 phase shift past Brewster's angle [39] -the observed behaviour (inverted reflectance curve) is thus the result of destructive interference occurring between light beams reflecting from the air-keratin interface and the PC. Thus, contrary to previous hypotheses [18] [19] [20] , our modelling and polarization data are consistent with a photonic heterostructure and not a multilayer.
The evolvability of complex structures is determined by the underlying mechanisms of control (e.g. genetic, physical) and also the relative independence (modularity) between component traits that comprise the overall structure [6] . Variable structures that can readily assume viable new forms, such as pharyngeal jaw structure in cichlids or beaks in Darwin's finches, have facilitated adaptive radiation in these clades [40] . Our simulations suggest that this colour-producing nanostructure is similarly variable and that indeed, it is capable of producing many variants of colours across the visible spectrum (figure 5). Moreover, our empirical results show that ducks have exploited this feature and, through slight variations in the size and spacing of their melanosomes, have produced diverse colours ranging from violet to red (figure 2). However, developmental or physical mechanisms can also constrain trait evolution [41] . In this case, physical constraints set an upper bound on the relationship between melanosome radius and spacing: because two melanosomes cannot occupy the same space, it is impossible for the melanosome radius to be more than half the distance between melanosomes (i.e. r/a cannot be greater than 0.5). However, by increasing the space between melanosomes (i.e. achieving r/a , 0.5), ducks can increase the size of their partial PBG and hence range of frequencies reflected up to a maximum occurring at r/a ¼ 0.3 (centre of polygon in figure 5 ). Thus, ducks could potentially maximize their feather brightness by moving towards this band gap region. However, all six species examined lie in the small PBG region of figure 5 near the close-packing limit of r/a ¼ 0.5. Because small band gaps are associated with short, narrow reflectance peaks (figure 5, inset), these results suggest that physical limits on nanostructural configuration (close-packing) may constrain ducks to less bright but highly saturated feather colours. Additionally, melanosome size in birds also appears to be constrained to diameters above approximately 100 nm [42, 43] , further restricting the range of colours capable of being produced by ducks to hues greater than approximately 400 nm (figures 2 and 5). However, whether ducks are able to perceive UV wavelengths is controversial [44] [45] [46] ; thus UV colours may not be advantageous, at least in an intraspecific signalling context. Recent evidence suggests that structurally coloured feathers develop through processes of self-assembly [47, 48] . Furthermore, a close-packed hexagonal configuration is highly energetically stable and is thus a likely end-product of a self-assembly process [49, 50] . Indeed, self-assembly of rods into a two-dimensional lattice has recently been observed in artificial colloid solutions of nanorods: as the solvent evaporated around them, the rods became highly aligned and hexagonally close-packed [51] . Other configurations with greater distance between melanosomes are not as stable and are thus less likely to form [50] . This limitation of development may therefore constrain duck colours to relatively close-packed, high-saturation configurations. Alternatively, this limited diversity may be caused by sexual selection favouring highly saturated colours (reviewed by Hill [52] ). We are currently using phylogenetic methods in a theoretical morphospace to test these hypotheses across a broader sampling of dabbling duck species.
Despite the aforementioned constraints on colourproduction, the colours of mallard specula are diverse. In many duck species, males display their colourful wing patches during pre-copulatory interactions [53] , suggesting that iridescent speculum colour may evolve through sexual selection [2] . However, the experimental removal of the iridescent speculum in mallards did not have any effect on pairing success in male mallards (A. platyrhynchos) [54] . More recently, a test for condition-dependent expression (a key prediction for the indicator mechanism of evolution by sexual selection) revealed positive correlations between colour and body condition in females, but not in males [55] . Thus, evidence for a signalling function is mixed. Colourful speculum feathers in ducks may also function in reproductive isolation and species recognition (reviewed by Ritchie [56] ). Despite the ubiquity of viable and fertile hybrids in ducks [57] , sympatric species remain distinct [58] , suggesting the existence of pre-zygotic reproductive isolation mechanisms, like species-specific colour patches. If these hybrids are less fecund than non-hybrids, then speculum colours may be adaptations for reinforcement, potentially following secondary contact after allopatric speciation [59, 60] . If not, then the colours themselves may drive speciation through drift, similar to that seen in Carduelis finches [61] , and could be a rare example of diversification through a non-adaptive key innovation.
Future studies should investigate the genetic and physical mechanisms of control that result in this complex photonic structure, as well as the level of modularity between components. The answers to such questions could provide clues to the potential ecological and evolutionary forces driving colour variation in birds.
